ABSTRACT: We carry out experimental and numerical studies to investigate the collapse and breakup of finite size, nano-and microscale, liquid metal filaments supported on a substrate. We find the critical dimensions below which filaments do not break up but rather collapse to a single droplet. The transition from collapse to breakup can be described as a competition between two fluid dynamic phenomena: the capillary driven end retraction and the Rayleigh−Plateau type instability mechanism that drives the breakup. We focus on the unique spatial and temporal transition region between these two phenomena using patterned metallic thin film strips and pulsed-laser-induced dewetting. The experimental results are compared to an analytical model proposed by Driessen et al. and modified to include substrate interactions. In addition, we report the results of numerical simulations based on a volume-of-fluid method to provide additional insight and highlight the importance of liquid metal resolidification, which reduces inertial effects.
INTRODUCTION
For many applications, controlling the placement and composition of metallic nanostructures is crucial. For instance, the incorporation of plasmonic nanoparticles into photovoltaic devices has led to increased efficiency, 1, 2 and importantly the surface plasmon resonance between metallic nanostructures depends on coordination, size, and spacing. 3, 4 Other applications include biodiagnostics and sensing, where functionalized Au nanoparticles bind to specific DNA markers, permitting binding detection. 5 The potential applications for organized metallic nanostructures are wide-ranging and include Raman spectroscopy, 6, 7 catalysis, 8 photonics, 9 and spintronics. 10 One strategy to create and organize structures at the nanoscale is harnessing a material's inherent self-assembly mechanisms. The physical properties of liquid metals, such as low viscosity and high surface energy, and the ability to lithographically pattern nanoscale features, create an intriguing platform to study the governing liquid-state dewetting dynamics, 11 such as liquid instabilities, 12 with the goal of directing the assembly of precise, coordinated nanostructures in one 13 and two 14 dimensions. In this work we observe that liquid metal filaments below a critical length, l c , collapse to a single droplet; however, as a filament length increases, a threshold is crossed where multidroplet breakup results. As the breakup is a Rayleigh− Plateau-like instability, this threshold is a function of the filament radius of curvature, R. Herein we focus on the unique spatial and temporal transition region between the two regimes. We show the transition can be described as a competition between two fluid dynamic phenomena: (1) capillary-induced retraction of the filament axial ends promoting the collapse to a single droplet and (2) filament breakup into multiple droplets due to the growth of varicose surface instabilities similar to the Rayleigh−Plateau (R−P) mechanism.
To investigate this competition, we utilize established nanofabrication techniques and pulsed laser-induced dewetting (PliD).
14 With these methods it is experimentally possible to precisely control the initial far-from-equilibrium geometry and the liquid lifetime via nanosecond laser melting. The finite extent of a filament geometry and, as we will demonstrate, the temperature and liquid lifetime have profound effects on the dewetting dynamics. We first give an overview of the experimental results and then compare them with relevant hydrodynamic models. Finally, we compare the experimental results with direct numerical computations of the full Navier− Stokes equations based on the volume-of-fluid (VoF) interface tracking method. 15 
EXPERIMENTAL SECTION
Electron beam lithography (EBL) was used to pattern a mask of rectangular strips of increasing width (w = 136−668 nm) and length (l = 0.135−12.3 μm) using a positive tone resist, poly(methyl methacrylate) (PMMA), on a 100 nm SiO 2 surface that was thermally grown on a prime ⟨100⟩ Si wafer. Nickel (Ni) was subsequently deposited using dc magnetron sputtering with a thickness, h, and ranged from 10 ± 1 to 30 ± 1 nm in 5 nm increments. Figure 1a illustrates the resultant Ni thin film strip (TFS) geometry on oxide, characterized by the cross-sectional area, hw. A krypton fluoride (KrF) excimer laser, wavelength 248 nm, energy range 220−300 ± 10 mJ cm −2 , and pulse width of 18 ± 2 ns fwhm, was used to melt the Ni TFS. Figure 1b demonstrates the substratesupported, liquid metal filament geometry that results from the laser melting. The amount of time a Ni TFS is in the liquid state, its liquid lifetime, is dependent on the energy fluence delivered by a laser shot and the thermal and optical properties of the Ni, the supporting SiO 2 layer, and the underlying Si substrate. The area of the laser spot is ∼1 cm 2 , which is much larger than the ∼1 mm 2 area containing the sample, thus ensuring a homogeneous fluence. Figure 2 is a collection of numerical simulations modeling the surface temperature of the Ni thin film supported on 100 nm SiO 2 on Si, exposed to one 250 mJ cm −2 laser shot. 16 Because of the finite liquid lifetime per laser pulse and rapid cooling, a series of individual laser pulses can be used to control the dewetting evolution and interrogate morphological changes of the liquid filament. 
MODEL AND SIMULATION METHODS
3.1. Model. Here we estimate several quantities to identify the relevant fluid dynamic regime for our experiments. As described, the experimental length scales that are operative are thicknesses at the tens of nanometer range, widths at the hundreds of nanometer range, and lengths ranging from hundreds of nanometers to tens of micrometers, well below the capillary length, λ c = (σ/ρg) 1/2 , of ∼1 mm for liquid Ni. Therefore, gravitational effects are not important. The Figure 1 . (a) Illustration of the patterned Ni TFS on SiO 2 , having thickness, h, width, w, and length, l, and increment length, δl = (w/2). Thickness ranges from 10 ± 1 to 30 ± 1 nm in 5 nm increments. (b) Geometry of the substrate-supported liquid metal filament with equilibrium contact angle, θ, cross-sectional area, C A , and radius of curvature, R. (c) Scanning electron microscope (SEM) images of the Ni TFS increasing in length from bottom to top, initially square with sides, l 0 , equal to the width. Liquid lifetime increases from left to right as a function of the number of laser pulses. At a critical length, l c (horizontal line), the filament breaks up into multiple droplets rather than collapsing into a single droplet. For this particular example h = 20 ± 1 nm, w = 437 ± 12 nm, C A = 8740 ± 498 nm 2 , and l c is ∼2.1 um. Included are relevant material properties of Ni at the melting temperature, T m = 1728 K, the equilibrium contact angle, θ, 13 the surface tension, σ, 18 the viscosity, μ, 19 and the density, ρ. 20 (d) Top-down view of a retracting filament the instant before the accumulating edge droplets, of radius r and traveling at velocity υ, merge to form a single droplet. The filament length where the end droplets do not have sufficient time to retract half the length and merge when breakup occurs is the critical length (breakup time equals collapse time); this time condition is expressed as eq 1. Ohnesorge number, Oh = μ(ρσR) −1/2 , the ratio of viscous to inertial and surface tension forces, is on the order ∼0.1. The R−P instability is expected to be an influential mechanism within the range of 0.05 < Oh < 2 for viscous filaments. 21 Driessen et al. 21 demonstrated that filaments dominated by inertia/surface tension (Oh < 0.05) break up by end pinch-off, and if viscosity dominates (Oh > 2), the filaments are stable with respect to the R−P instability and collapse to a single droplet independent of length. On the basis of our working Oh regime (∼0.1) (see Table 1 and Figure 4b) , we expect the R−P mechanism to be operative and thus the transition from collapse to breakup to be sensitive to the aspect ratio (Γ = l/ 2R) of the substrate supported filament.
When a patterned Ni TFS melts, the initially rectangular cross-sectional area, hw, forms a truncated cylinder of equal cross-sectional area, C A = R 2 A(θ), where the radius of curvature, R, depends on the equilibrium contact angle between the liquid metal and the SiO 2 substrate and A(θ) = θ − sin θ cos θ (see Figure 1b) . 11 The amount of time it takes for an Ni TFS to transition to a truncated cylinder during laser melting is ∼1−2 ns. 12 At filament lengths below where breakup occurs, retracting axial ends travel half the filament length to merge/collapse to form single droplets. For a filament to collapse to a single droplet the amount of time the filament axial ends have to travel and successfully merge must be less than the time necessary for the development of varicose instabilities that lead to R−P breakup. The time condition between collapse and breakup can be expressed as a critical, axial end retraction time
where l c /2 is half the filament length at the critical length where transition occurs, r is the radius of the accumulating droplet at the retracting axial end, and v is the retracting end velocity (see Figure 1d ). The capillary velocity, v cap = (σ/ρR) 1/2 , ranges from 38 to 71 ms −1 at the melting temperature for the filament radii maximum and minimum (150 and 44 nm), respectively. The axial end retraction velocity was experimentally estimated by measuring the retraction distance of the TFS after exposure to a single laser pulse and normalized to the average simulated liquid lifetime (24 ns). The range of experimentally determined velocities, spanning the range of filament radii (150 to 44 nm), is 36−19 ms Counter to the prediction of the capillary velocities, the experimental retraction velocities are smaller and the dependence on filament radius is reversed at small radii. These experimental findings are attributed to energy losses due to viscous dissipation at the filament−substrate interface, the temperature-dependent material properties, and solidification effects that will be discussed later. Furthermore, we are neglecting the effect that material accumulation at the filaments ends may have during retraction. The velocity was also simulated via the VoF approach, described later in this section, at 1728 and 2500 K and radii range of 25−87 nm. The simulations resulted in average velocities of 34 and 41 ms −1 at 1728 and 2500 K, respectively. Figure 3 compares the capillary, experimental, and VoF velocity data. The capillary, experimental, and VoF velocities are of similar order, which is reassuring. For simplicity we use a constant, average velocity of 30 ms −1 in our analytical model below. The accumulating droplet at the retracting axial end creates a rim, the extent of which can be estimated by the Stokes length, L s = μ 2 /(ρσ), and can have a stabilizing effect on the filament if it approaches half the filament length. That is, if the two rims that form at the filament ends overlap, they can induce collapse of the filament homogeneously to a single droplet. The Stokes length for the considered experiment is on the order of a few nanometers, so the retracting axial droplets are immune to rim interactions.
Driessen et al. outlined a similar argument for single droplet collapse for (nonmetallic) free viscous jets (filaments) (not supported on a substrate). To do so, Driessen et al. utilized a convenient framework to describe the system, which we will modify to include the effects of the supporting substrate. The filament is described in terms of its aspect ratio, Γ = l/2R. At the critical length the retracting axial ends each accumulate half the volume of the filament, forming an end droplet with radius
The critical axial end retraction time, given by eq 1, can be rewritten as a function of the aspect ratio and radius of curvature, R, by combining it with eq 2: For a free filament in air, of radius R 0 , the varicose surface perturbation of maximum growth rate causes breakup. The wavelength of this most unstable perturbation is predicted by linear stability analysis (LSA) of the R−P instability to be
As the free filament is destabilized by the growth of the surface perturbation, the resultant distribution of droplets should be spaced approximately equal to the wavelength Λ m ; that is, the final droplet distribution should scale with R 0 . Assuming that the LSA of R−P instability can be extended to the nonlinear regime, the time needed for a R−P type surface perturbation to grow to an amplitude 11, 21 comparable to that of the filament radius is
Here the initial amplitude of the surface perturbation is represented by δ, and ω is the growth rate of the fastest growing perturbation.
For the nanoscale liquid metals considered here, the initial perturbation amplitude is assumed to be the van der Waals radius of a Ni atom (δ = 0.2 nm). 23 This is in contrast to Driessen et al., who chose their perturbation to be a function of radius, δ = εR, with ε = 0.01; this value was chosen as a fit parameter to their experimental data. Alternatively, Diez et al. 11 used an ε value of 0.001 as their initial, infinitesimal perturbation value in a fully nonlinear time-dependent simulation of finite length filaments and finding the breakup to be dominated by the pinching off of droplets at the axial ends. Our constant δ value of the van der Waal radius, and filament radii range, yields effective ε values ranging from 0.0013 to 0.0045 and commensurate to both approaches.
The transition from single droplets to multiple droplets can therefore be described as a competition between two fluid dynamic time scales, that of collapse due to axial end retraction and the R−P instability time for breakup. An expression for the critical aspect ratio can then be found by equating eqs 3 and 5: 
However, the Dreissen et al. description is that of a free filament. We extend their description to that of a filament supported on and partially wetting a solid surface. Therefore, ω is replaced with ω s , the growth rate of the fastest growing perturbation for liquid filaments supported on a solid substrate. Brochard-Wyart and Redon 24 estimated the relaxation times of the varicose modes of a liquid filament with circular cross section on a flat solid surface and found that modes below a wave vector, q, are unstable. They predicted the relaxation times of the instabilities in two regimes: a viscous regime, where viscous dissipation is the dominant hydrodynamic quantity, and the viscoinertial regime, appropriate for low viscosity and large contact angle fluids. For the viscous regime they determined the relaxation times for all q as 
where the filament substrate-supported width is L = 2R sin θ (see Figure 1b ) and c is a logarithmic factor reflecting the singularity near the contact line, on the order 10, and can be treated as a constant. 25 The fastest growing mode occurs for qL ≈ 1.421, 11 
Once again the fastest growing mode has a value of qL ≈ 1.421, therefore
3.2. Simulation Methods. In the final section we compare the experimental results with the ones obtained by fully nonlinear simulations based on a VoF method. By solving the three-dimensional Navier−Stokes (N−S) equations, these simulations provide additional insight regarding the competing instability mechanisms. It is assumed that the fluid flow can be modeled as an isothermal Newtonian fluid obeying the N−S equations.
T S
∇· = u 0 (12) where u = (u, v, w) is the velocity field, p is the pressure, κ is the curvature of the fluid−vapor interface, and δn denotes the normal vector of the liquid interface. A contact angle of 90°is imposed during the simulations. Experimental results could not be reproduced without taking contact line slip and laser melting/solidification effects into account. The contact line slip is represented by a slip condition,
y y y 0 0 (13) where λ denotes the slip length, and (u, w) are the in-plane compoenents of velocity. To represent liquid solidification, we implement a simple model, such that the fluid motion completely stops after a liquid lifetime, t l . Therefore, we put
After the "freeze", the liquid is allowed to again evolve according to eq 11, mimicking melting and solidification as a result of multiple laser pulses. The open-source computational fluid dynamics software package Gerris was used for the simulations. 26 Spatial discretization is accomplished using an adaptive octree. The adaptive mesh resolves the fluid−vapor interface with a resolution of ∼1 nm, and regions of high curvature are resolved to ∼0.5 nm. The VoF approach tracks the fluid phase of each point in space by introducing a volume fraction function, which states the fraction of each computational cell occupied by the liquid phase. Viscosity and density depend on the volume fraction function by assignment of the appropriate liquid and vapor values. In order to diminish the effect of the surrounding vapor, we set μ v = μ/100 and ρ v = ρ/20. Figure 4a is a plot of average l c vs R for different thickness and width combinations explored in the experiment. For the 65 data points that were explored (five thicknesses ranging from 10 to 30 nm thick and for each thickness 13 widths ranging from 135 to 665 nm), each data point represents an average of six measurements. We observe that the critical breakup length, to some extent, follows the phenomenological scaling law l c = αR = [α(A(θ)
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1/2 . This type of scaling law is consistent with that expected for a R−P instability. As is evident in Figure 4a , the linear best-fit line (forced through the origin) appears to underestimate the measured l c at small cross-sectional area and slightly overestimates it at higher cross-sectional area. We will discuss the origins of these trends at the end of this section. Also shown in Figure 4 is a plot of aspect ratio of the filament at the critical length versus the Ohnesorge number, calculated at the melting temperature.
In Figure 5a , we plot the solutions to eq 6 using the viscous regime fastest growth rate, eq 8, and compare them to the experimental data. In Figure 5b we plot the solutions to eq 6 using the viscoinertial regime fastest growth rate, eq 10, and compare them to the experimental data. We use an axial end retraction velocity of 30 ms −1 and a contact angle of 69°, consistent with the experimental value for velocity and the measured equilibrium contact angle for liquid Ni on SiO 2 . As described earlier, the initial varicose perturbation amplitude is chosen to be δ = 0.2 nm.
To demonstrate how temperature changes the solutions to eq 6, three additional temperatures are plotted in Figure 5 (2000, 2500, and 2800 K) where the temperature-dependent viscosity and surface energy are used. Noticeably, the agreement improves at higher average liquid temperatures (l c and slope decreases). The range of Ohnesorge numbers for our experiments and the functionality of Γ c on Oh are suggestive of the viscoinertial regime; thus while the trends are similar, it is not surprising that the viscous model does not fit the experiments well.
Overall, the experimental data fit well with the viscoinertial solutions. Such a finding is reasonable, based on the Ohnesorge number, and generally validates that the breakup of these nanoand microscale liquid filaments can be described as a competition between a R−P type instability and the axial collapse of a filament. Notably at larger filament radii the model overestimates the critical length relative to the experimental data, which could be due to a decrease in velocity because of larger filament radius and therefore lower capillary velocity. Additionally, our thermal model neglects geometric effects on the cooling rates; thus we speculate that the liquid lifetime of smaller radii filaments may be shorter than larger radii because of the filament substrate contact area to volume ratio. This could be a contributing factor as to why we experimentally see a decrease in retraction velocity at smaller radii (see Figure 3) , where theory and simulation predict the opposite trend. With respect to the behavior of the model, examination of eqs 6, 8, and 10 reveals the effects that the temperaturedependent viscosity and surface tension have on the predicted l c . Nickel's surface tension decreases with temperature in a linear fashion, σ(T) = 1.78 − 3.3 × 10
and viscosity also decreases with temperature, μ(T) = 3.4/(T −995) Pa s, but more dramatically than the surface tension. As surface tension decreases at higher temperatures, it has the effect of pushing l c to longer lengths. Conversely, decreasing viscosity at higher temperature results in shorter l c . When both material properties are allowed to vary simultaneously, as in Figure 5a ,b, clearly viscosity has greater influence for a given temperature increase, resulting in shortened l c . However, the magnitude of change in the solutions for l c at higher temperatures is not as dramatic for the viscoinertial case as it is for the viscous. In the viscoinertial regime the temperature-dependent material properties largely balance each other out; surface tension has a higher power dependence than viscosity in this regime.
Increasing the laser fluence increases the average temperature of a filament, leading to a longer liquid lifetime and a reduced average viscosity and surface tension. Figure 6 is a plot of the measured l c for a 20 nm thick Ni TFS irradiated at three different laser fluences, which illustrates that l c increases with increased laser fluence. As noted above and seen in Figure 5 (illustrated by the analytical model plots for l c ), for a constant retraction velocity, higher temperature is expected to decrease the critical breakup length. This is contrary to the experimental results seen in Figure 6 . However, not accounted for in the governing equation, eq 6, for the competition between the collapse and R−P breakup is the temperature-dependent retraction velocity. We attribute the longer l c at higher laser fluence to two effects: (1) longer liquid lifetimes at higher temperature and (2) higher retraction velocities due to decreased average viscosity. As will be shown below, the VoF simulations reveal that the solidification of the filament quenches the inertia of the dynamic collapse. For larger radii filaments, that require multiple laser pulses, this decreases the average velocity and leads to a shortening of l c . For example, at 1728 K, VoF simulations reveal that solidification reduces the average velocity by 40%.
4.2. VoF Simulations. Here, we computationally investigate the dependence of the critical length on the filament radius of curvature when varying the liquid lifetime. Initially, a semicylindrical liquid filament with a cross-sectional area of C A = hw is placed on a solid surface, with an imposed contact angle of 90°.
We recall that in between laser pulses the liquid metal filament solidifies. We model solidification by simply zeroing the fluid velocity field in the evolving filament after a specified liquid lifetime, t l , and then continue the evolution, assuming that there is no evolution while the filament is in a solid state. Figure 7 demonstrates the effects of varying the liquid lifetime as well as a comparison with the 10 and 20 nm thick TFS experimental data. When t l → ∞ (i.e., no solidification, infinite liquid lifetime), simulations predict longer critical lengths compared to the experiments. The difference is particularly significant for larger values of R. The simulation results with t l → ∞ therefore reveal that inertial effects are important. When solidification is included, the resulting values of l c are much shorter and in good agreement with the experiment. Figure 7 suggests that the simulated liquid lifetimes in the range of ∼20 ns provide the best agreement with the experimental results, which is consistent with the thermal simulations ( Figure 2 ). We note that in the simulations the slip length is fixed to be λ = 20 nm; we carried out an exhaustive study of the effect of slip length on l c and obtained the best agreement with the experiments with this value.
Additionally, we carry out VoF simulations using the parameters that correspond to higher liquid metal temperature. The parameters used so far are for 1728 K. Now we use the parameters for viscosity, density, and surface tension corresponding to 2500 K. The elevated temperature generally predicts longer l c (Figure 7) , which is consistent with the experimental observation. When the VoF simulations include a change in the temperature-dependent material properties, the apparent viscosity change dominates the reduced surface tension and density and leads to higher retraction velocities (Figure 3 ), agreeing qualitatively with the experimental results of longer critical lengths at higher laser energy.
Note that the simulation results with solidification included in Figure 7 show that the critical breakup length is not necessarily a monotonously increasing function of R. This unexpected behavior can be attributed to the particular retraction state at which the solidification takes place; Figure  8 shows two representative examples. At early times, both filaments begin to retract with accumulating end droplets (see Figure 8b ). At the solidification time (Figure 8c) , the central parts of the filaments are characterized by different geometry. For the l = 2.31 μm case, the central bulge collapses, and the liquid is transported to the filament ends, leading to breakup and the formation of two droplets. For the l = 2.69 μm case, there is no liquid transport from the center bulges to the filament ends, the retraction continues, and a single drop results. This example therefore illustrates that perhaps surprisingly a breakup may occur for a shorter filament, but not for a longer one. This process also explains why the simulations with t l → ∞ lead to a longer l c . The filament is able to continue retracting without freezing, and so the two filament ends continue to move inward, eventually coalescing to a single droplet. We also note that when ignoring the solidification, the simulated critical lengths compare well with the viscous model presented in the previous section.
4.3. Application. To demonstrate how understanding the collapse versus breakup can be useful, we utilize the insight to facilitate the directed assembly of nanoparticle arrays. Figure  9a −c is a series of composite scanning electron micrographs of a lithographically patterned Ni thin films (background) and the resultant nanoparticle array after ten laser pulses (foreground). The initial, so-called, "square-wave" pattern contains two alternating amplitudes orthogonal to the central axis: (1) A shorter amplitude with a fixed length in Figure 9a −c, which is below the critical length; therefore, these side filaments will collapse to a single droplet. (2) A slightly longer amplitude which progressively increases as noted with the arrows from Figure 9a−c. As the amplitudes of the side filaments increase, a transition is observed: from collapse to a single droplet ( Figure  9a ) to mixed single and two droplet breakup (Figure 9b ) and finally to ordered breakup where two droplets are observed (Figure 9c ). The transition occurs at an amplitude of ∼2.3 μm, which correlates well with the 2.1 μm estimate from the best-fit line of Figure 4a . Thus, the assembly of highly ordered and hierarchical nanoparticle arrays can be realized by understanding the fluid dynamic regimes and instability/transport competitions. Figure 1c . Note that in the absence of solidification the simulation predicts the filament will collapse into a single drop, for both values of l. Note that in the absence of solidification the simulation predicts the filament will collapse into a single drop, for both values of l.
SUMMARY
In this work we studied the critical breakup length, l c , of partially wetting, liquid metal filaments supported on a solid substrate, under nanosecond laser heating. It was found that filament lengths less than a critical length, l < l c , collapse to a single droplet, and lengths, l > l c , result in breakup into two or more droplets. We show that the critical length can be understood by considering a competition between two fluid dynamic time scales: (1) capillary-induced axial end retraction and (2) filament breakup due to the growth of varicose surface instabilities similar to the R−P mechanism. Furthermore, the competing time scale model was solved for the viscous and the viscoinertial regimes. The viscoinertial regime solution for the breakup length more closely matches the experimental results, which is consistent with the Oh number for the filaments studied. To complement the experimental and model results, fully nonlinear simulations were carried out based on a VoF method. To converge to the experimental length scales, thermal effects like liquid lifetime, solidification morphology, and the temperature-dependent viscosity, surface energy, and density need to be considered. The exploitation of fluid dynamic assembly mechanisms leads to the realization of highly ordered and hierarchical nanoparticle arrays.
